
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 10590–10595, September 1998
Cell Biology

Suppression of adenovirus E1A-induced apoptosis by mutated p53
is overcome by coexpression with Id proteins

TAKUMA NAKAJIMA, MIKA YAGETA, KOHHEI SHIOTSU, KENICHI MORITA, MITSUHIRO SUZUKI, YASUHIRO TOMOOKA,
AND KINICHIRO ODA*
Department of Biological Science and Technology, Science University of Tokyo, Noda-shi, Chiba 278, Japan

Communicated by Wolfgang K. Joklik, Duke University Medical Center, Durham, NC, July 6, 1998 (received for review September 20, 1997)

ABSTRACT The rat 3Y1 derivative cell lines, EId10 and
EId23, established by introducing the adenovirus E1A12S,
Id-1H, and Id-2H cDNAs linked to the hormone-inducible
promoter, express these proteins upon treatment with dexa-
methasone and elicit apoptosis, although these cell lines
express mutated p53. The E1A mutants containing a deletion
in either the N terminus or the conserved region 1 were unable
to induce apoptosis in cooperation with Ids. Western blot
analysis of the immunoprecipitates prepared from the dexa-
methasone-treated EId10 cell extract showed that Id-2H pref-
erentially binds to E1A and E2A (E12yE47) helix–loop–helix
transcription factors in vivo, but scarcely to the retinoblas-
toma protein. After induction of E1A and Ids, EId10 and
EId23 cells began to accumulate in S phase and undergo
apoptosis before entering G2 phase, suggesting that abnormal
synthesis of DNA induced by coexpression of E1A, Id-1H, and
Id-2H results in the induction of apoptosis. Apoptosis also is
induced in mouse A40 (p532y2) cells by E1A alone or E1A
plus Ids after transient transfection of the expression vectors.
The induction of apoptosis is stimulated by coexpression with
wild-type p53; however, apoptosis induced by E1A alone was
suppressed completely by coexpression with mutated p53,
whereas apoptosis induced by E1A plus Ids was stimulated by
the mutated p53 as done by wild-type p53. These results
suggest that the suppressive function of mutated p53 is
overcome by Ids.

The adenovirus E1A gene products (E1A) have functions to
induce cell proliferation and death and to inhibit cell differ-
entiation in a variety of cell types. The E1A gene of human
adenovirus types 2 and 5 generates two major species of
mRNA with the sizes of 13S and 12S that encode proteins of
289 aa (E1A13S) and 243 aa (E1A12S), respectively. E1A13S
contains conserved regions CR1, CR2, and CR3, but E1A12S
lacks CR3 (1). The N terminus of E1A 59 to CR1 interacts with
basic helix–loop–helix (bHLH) transcription factors and in-
hibits terminal differentiation of muscle cells (2). As reported
here, Id (inhibitor of differentiation or inhibitor of DNA
binding) proteins (3), a family of HLH proteins lacking the
basic domain, also binds to the N terminus of E1A. The E1A
domain required for induction of p53-dependent apoptosis
recently has been mapped in the N terminus and the CR1
regions (4, 5), which overlap with the p300 binding domain (1).

bHLH proteins, such as MyoD and E2A (E12yE47), bind to
DNA efficiently when these proteins heterodimerize (3). Id
proteins also heterodimerize with bHLH proteins through the
HLH domain, suppressing their DNA binding activity (3).
Expression levels of Id proteins decrease in a variety of
undifferentiated cells, upon induction of differentiation (3).
The cDNA clones of four members of the mouse and human

Id families have been isolated. Id-1H and Id-2H isolated by us
from a human cDNA library (6) correspond to mouse Id-1 and
Id-2, respectively. Id-1H and Id-2H are induced in quiescent
human diploid fibroblasts by serum factors biphasically in early
and late G1 phase, and their expression is essential for the G1
to S phase transition (6).

In the present work, to study the effects of coexpression of
Id-1H and Id-2H with E1A on cell proliferation, rat 3Y1
derivative cell lines EId10 and EId23 carrying p53 mutation
were established by introducing the E1A12S, Id-1H, and Id-2H
cDNAs fused to the hormone inducible promoter. Unexpect-
edly, after expression of E1A and Ids in response to dexa-
methasone (dex), these cell lines undergo apoptosis after
accumulation in S phase. Cotransfection of E1A andyor Id
expression vectors into mouse A40 cells (p532y2) also in-
duced apoptosis, which was enhanced by simultaneous expres-
sion of wild-type (wt) p53. However, simultaneous expression
of mutated p53 completely suppressed apoptosis induced by
E1A alone, but enhanced apoptosis induced by E1A and Ids as
done by wt p53. These results suggest that suppression of
E1A-induced apoptosis by mutated p53 is overcome by Ids.

MATERIALS AND METHODS

Cell Lines. The 3Y1–B cell line, clone 1–6, is a clonal cell
line of Fischer rat embryo fibroblasts (7) and has been shown
to carry p53 mutations (8). A 3Y1 derivative cell line, g12, was
established by introducing 3Y1 cells with pMA12SG and
expresses E1A12S in response to dex. EId10 and EId23 cell lines
were established by introducing g12 cells with pMTV-Id-1H
and pMTV-Id-2H and express E1A12S, Id-1H, and Id-2H in
response to dex. YId6 and YId24 cell lines were established by
introducing 3Y1 cells with pMTV-Id-1H and pMTV-Id-2H.
DEId23 and DEId2 cell lines were established by introducing
3Y1 cells with pMTV-Id-1H, pMTV-Id-2H, and either pMTV-
E1A12SD17–23 or pMTV-E1A12SD54–69, respectively (Fig.
1A). The A40 cell line was established from the cerebellum of
a p53 null mouse. These cells were cultivated at 37°C in
DMEM with 10% fetal calf serum (FCS). For cultivation of
EId10 and EId23 cells, dialyzed FCS was used.

Construction of E1A12S, Id-1H, and Id-2H Expression Vec-
tors. An expression vector, pMA12SG, was constructed by
placing the adenovirus type 2 E1A12S cDNA downstream of
the mouse mammary tumor virus (MMTV)-long terminal
repeat (LTR). The E1A12SD17–23 cDNA lacking codons
17–23 was constructed by shortening the cDNA in
pBRE1A12S after cleavage with PvuII between codons 22 and
23. The E1A12SD54–69 cDNA was constructed by using
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site-specific mutagenesis (9) with M13E1A12S. These cDNAs
were inserted between HindIII and BglII sites of pMTV-dhfr
(10), displacing the dhfr cDNA to generate pMTV-
E1A12SD17–23 and pMTV-E1A12SD54–69 (Fig. 1A).

For construction of MMTV-LTR-linked Id-1H and Id-2H
cDNAs, the DNA fragments containing Id-1H and Id-2H
cDNAs were isolated from pBKS-Id-1H and pBKS-Id-2H (6)
and inserted between the HindIII and BglII sites of pMTV-dhfr
to generate pMTV-Id-1H and pMTV-Id-2H. The expression
vectors pHbAPr-E1A12S, pCMV-Id-1H, and pCMV-Id-2H
were constructed by inserting the E1A 12S cDNA between the
HindIII and BamHI sites of pHbAPr-1 (11) and the Id-1H and
Id-2H cDNAs between the HindIII and XbaI sites of pCMV1.

Reverse Transcriptase (RT)-Linked PCR. Total cellular
RNA (4 mg) was annealed with the downstream antisense
primer (1 mM) of either E1A (nucleotide positions 576–595),
Id-1H (nucleotide positions 124–141), or Id-2H (nucleotide
positions 356–374) at 65°C for 5 min, and cDNA was synthe-
sized with Moloney murine leukemia virus RT. The DNAy
RNA hybrid was denatured, and the upstream sense primer (1
mM) containing the MMTV-LTR sequence (59-AGTGAC-
CCTTGTCTT TATTTC-39) and each of the above antisense
primers (0.2 mM) then were added. PCR was performed for 30
cycles at 94°C for 1.5 min, 55°C for 1.5 min, and 72°C for 3 min.

Flow Cytometric Analysis. Cells were treated with dex, and
both floating and attached cells were harvested at the times
indicated. The cells were stained with propidium iodide (PI)
containing 0.1% Triton X-100 and treated with 1,300 Kunitz
unitzml21 RNase A. When the cells synthesizing DNA were
analyzed, the cells were labeled with 100 mM 5-bromo-29-
deoxyuridine (BrdU) for 2 h before the harvest. The cells were

fixed in 4% formaldehyde and stained with PI. The cells were
incubated with 10 mgzml21 mouse anti-BrdU antibody (2B1,
MBL) and then with 2 mgzml21 f luorescein isothiocyanate
(FITC)-conjugated anti-mouse IgG (Cappel). The cells were
analyzed for fluorescence intensity of FITC and PI.

When apoptosis was analyzed in transiently transfected cells,
A40 cells (p532y2) in 9-cm dishes were transfected with
combinations of the expression vectors (each 0.8 mg) pHbAPr-
E1A12S, pCMV-Id-1H, pCMV-Id-2H, pMoLVp53His175,
and pMoLVp53Cys205 (12) together with 0.8 mg of pCM-
VCD20 (13) by lipofection. The cells were stained with
FITC-labeled anti-CD20 antibody (B-B6, BioSource Interna-
tional, Camarillo, CA) and fixed with 4% formaldehyde. A set
of cells was transfected with control empty vector pCMV-1
alone and similarly stained with anti-CD20 antibody to deter-
mine the background. The cell population that showed the
fluorescence intensity over this background was gated and
analyzed for cell cycle distribution.

Immunoprecipitation and Western Blotting. The EId10 cell
extract (200 mg of protein) was mixed with 1 mg of either
anti-Id2 rabbit polyclonal antibody (C-20, Santa Cruz Biotech-
nology), anti-E1A rabbit polyclonal antibody (13S-5, Santa
Cruz Biotechnology), anti-E2A (E12yE47) mouse mAb (Yae,
Santa Cruz Biotechnology) or anti-pRB rabbit polyclonal
antibody, and 20 ml of protein A-Sepharose beads [50%
(volyvol)] was added. The mixture was incubated at 4°C for 1 h,
and the immune complex was washed with immunoprecipita-
tion washing buffer (20 mM Hepes-KOH, pH 7.9, 100 mM
KCl, 6 mM MgCl2, 1 mM EDTA, 1 mM DTT, 0.1 mM
phenylmethylsulfonyl f luoride, and 10 mgzml21 each of apro-
tinin, antipain, and leupeptin) and treated with 20 ml of 0.8%
deoxycholate (14). After addition of 5 ml of 6% Nonidet P-40,
the mixture was centrifuged, and the supernatant was electro-
phoresed on 15% polyacrylamide gels. The proteins trans-
ferred to nitrocellulose membranes were reacted with anti-Id2
antibody at a dilution of 1:2,000 then with horseradish perox-
idase-linked anti-rabbit IgG antibody, and detected by ECL
(Amersham).

RESULTS

The N Terminus of E1A Binds Directly to Id-1H and Id-2H.
To see whether Id proteins interact with the N terminus of E1A
as do bHLH proteins (2), glutathione S-transferase (GST)-
Id-1H and GST-Id-2H were electrophoresed along with GST-
MyoD, GST-E12, and GST as controls. After transfer to the
filters, the proteins were denatured and renatured and reacted
with 32P-labeled GST-N-terminal E1A fragment (Fig. 1B). The
E1A fragment bound to Id-1H, Id-2H, and the ubiquitous
bHLH protein E12, but not to the tissue-specific bHLH
protein MyoD. Both N-terminal and CR1 deletion mutants,
E1AD17–23 and E1AD54–69, also bound to Id-1H and Id-2H
(Fig. 1C), suggesting that the sequence required for induction
of p53-dependent apoptosis differs from that required for
binding to Id-1H and Id-2H.

Establishment of 3Y1 Derivative Cell Lines that Express
E1A and Ids in Response to Dex. To see the effect of Id
proteins on the E1A-induced cell cycle progression, g12 cells
that express E1A12S in response to dex were doubly transfected
with pMTV-Id-1H and pMTV-Id-2H together with pSV2neo.
G418-resistant colonies developed were cultivated in two
24-well tissue culture plates in the presence and absence of 1
mM dex for 8 h to estimate expression levels of Id-1H, Id-2H,
and E1A mRNAs by RNA dot hybridization. Among 96 clones
examined, 12 clones expressed a significant level of Id-1H
mRNA, and nine clones expressed Id-2H mRNA in response
to dex. Two clones, designated EId10 and EId23, expressed
both Id-1H and Id-2H mRNAs at significant levels in addition
to E1A mRNA. Unexpectedly, microscopic examination re-
vealed that some clones showed morphological changes in

FIG. 1. The N terminus of E1A binds to Id-1H and Id-2H. (A)
Functional domains and deletion mutants of E1A12S. The N-terminal
domain required for binding to some bHLH transcription factors and
Id proteins is shown by a caret. The domain required for induction of
wt p53-dependent apoptosis and E1A12S mutants having a deletion in
this domain are shown below. (B) GST fusion proteins were made by
inserting the cDNAs into the multicloning site of pGEX-2TK in which
the nucleotide sequence corresponding to amino acid sequence
RRASV for the catalytic subunit of A kinase was placed between GST
and the cloning site. The binding of these proteins to E1A was analyzed
by Western blotting with 32P-labeled GST-N-terminal-E1A fragment
(1–36 amino acids) after denaturation and renaturation of the proteins
in buffer containing 6 and 3 M guanidinium hydrochloride, respec-
tively. (C) GST-Id-1H and GST-Id-2H were similarly probed with
32P-labeled GST-E1AD17–23aa and GST-E1AD54–69aa.
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response to dex after prolonged incubation. The changes
induced were most marked in clones EId10 and EId23,
whereas the changes induced in other clones that expressed
either Id-1H or Id-2H in addition to E1A were weak. A minor
proportion of EId10 and EId23 cells also underwent morpho-
logical changes during cultivation even in the absence of dex.

As controls, 3Y1 cells were similarly transfected with three
expression vectors pMTV-Id-1H, pMTV-Id-2H, and either
pMTV-E1AD17–23 or pMTV-E1AD54 – 69. The clones
DEId23 and DEId2 thus established expressed these three
mRNAs in response to dex. The cell lines YId6 and YId24 cells
were established by transfection of 3Y1 cells with pMTV-
Id-1H and pMTV-Id-2H and expressed both Id mRNAs in
response to dex. No morphological changes were observed in
these cell lines after prolonged cultivation in the presence of
dex.

To quantify E1A12S, Id-1H, and Id-2H mRNAs synthesized
from the MMTV-LTR of the exogenously introduced cDNA
expression vectors, and to detect a trace amount of mRNA, the
sequences between the MMTV LTR and the coding region of
E1A, Id-1H, and Id-2H were amplified by RT-PCR. Total
cellular RNAs (4 mg) were used as the templates. Under the
conditions, the amount of each cDNA fragment synthesized
was roughly proportional to the amount of input RNA within
the range of 0.5 to 10 mg. The E1A, Id-1H, and Id-2H cDNA
fragments with the expected lengths were synthesized quan-
titatively as shown in Fig. 2. EId10 and EId23 cells expressed
very low levels of E1A, Id-1H, and Id-2H mRNAs in the
absence of dex (0 h), but the levels increased sharply in
response to dex. g12 cells expressed no detectable level of E1A
mRNA in the absence of dex, but expressed a high level of E1A
mRNA in response to dex. The levels of Id-1H and Id-2H
mRNAs expressed in YId24 cells in the absence of dex were
almost undetectable, but increased sharply after dex treat-
ment. DEId2 and DEId23 cells expressed low levels of Id-2H
and mutant E1A mRNAs, respectively, in the absence of dex,
but all of the mRNAs were expressed at high levels after dex
treatment.

Induction of Apoptosis in Rat 3Y1 Cells After Coexpression
of E1A and Ids. The correlation between the expression of
E1A, Id-1H, and Id-2H and the changes in cell viability was
analyzed in the above cell lines after treatment with dex (Fig.
3A). EId10 and EId23 cells grew normally until 48 h, but began
to lose viability thereafter and 70–80% of the cells died at
120 h. A significant fraction of 15–20% of the cells died in the
absence of dex, presumably because of the leakage of E1A and
Id expression. g12 cells that express only E1A12S showed no
significant morphological change after prolonged cultivation,
although viability loss was observed in a minor fraction. The
clones YId6 and YId24 that expressed both Id-1H and Id-2H
mRNAs exhibited no viability loss. DEId23 and DEId2 cells

that expressed Id-1H, Id-2H, and mutant E1A mRNAs showed
no viability loss, indicating that the N-terminal region of E1A
also is required for induction of apoptosis in 3Y1 cells carrying
the p53 mutation. Electrophoretic analysis of EId10 and EId23
cell genomic DNA prepared after 96 h of dex treatment
showed the ladder pattern characteristic of apoptosis (Fig. 3B).
The fragmentation began to be observed after 72 h. No
fragmentation was observed with g12 and YId24 cell genomic
DNAs, suggesting that the expression of both E1A and Id
proteins is required for induction of apoptosis in 3Y1 cells.

Apoptosis also is characterized by a loss of membrane
phospholipid asymmetry, resulting in the exposure of phos-

FIG. 2. Expression of exogenously introduced E1A, Id-1H, and
Id-2H cDNAs in response to dex. Total cellular RNA was prepared
from the cell lines indicated before (0 h) and after treatment with dex
(24 and 48 h). The exogenous mRNA sequences between the MMTV-
LTR and the coding sequences of E1A, Id-1H, and Id-2H were
amplified by RT-PCR and electrophoresed on 1.5% agarose gels.
DNA was stained with ethidium bromide.

C

FIG. 3. Induction of apoptosis in EId10 and EId23 cells after
coexpression of E1A12S, Id-1H, and Id-2H. (A) Cell viability. The cells
were cultivated in the presence and absence of 1 mM dex. Cell viability
determined by trypan blue exclusion is expressed as the percentage of
the total cell number. (B) DNA fragmentation. DNA was isolated
from both floating and adherent cells by the method of Hirt and
subjected to electrophoresis. DNA was stained with ethidium bromide.
(C) Annexin analysis of apoptotic cells. Sparse cultures of EId10 cells
on coverslips were treated with dex for 72 h and 100 ngzml21 of hoechst
33342, a permeable DNA-specific f luorochrome was added to the
culture for 15 min. The cells then were stained with annexin-V
fluorescein (Boehringer Mannheim) and PI, an impermeable fluoro-
chrome, in the absence (a and b) and presence (c and d) of 0.1% Triton
X-100, which renders the cells permeable. Photographs were taken
under a fluorescence microscope at a magnification of 31,000 with the
excitation (lex) between 455 nm and 500 nm (a and c) and with the lex
between 330 nm and 450 nm (b and d). Annexin-V fluorescein shows
the localization of phosphatidylserine at the outer layer of the plasma
membrane (a) and at both inner and outer layers (c). Hoechst-stained
nonpermeabilized cell DNA (b) and both Hoechst- and PI-stained
permeabilized cell DNA (d).
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phatidylserine in the outer layer of plasma membrane (15). To
confirm that the loss of cell viability is caused by apoptosis,
EId10 cells treated with dex for 72 h were triple-stained with
hoechst 33342, PI, and FITC-labeled annexin V that binds to
phosphatidylserine. Both hoechst and PI intercalate to DNA,
but only hoechst can permeate the active cell membrane. A
significant proportion of the cells were annexin V positive (Fig.
3Ca), and only those positive cells showed chromatin conden-
sation (Fig. 3Cb). When the EId10 cells were triple-stained in
the presence of 0.1% Triton X-100, which makes cells perme-
able to PI and annexin V, all the cells were stained with
hoechst, PI, and annexin V (Fig. 3C c and d). These results
indicate that EId10 cells expressing E1A and Id proteins die
through apoptosis.

Expression of Mutant Type p53 in EId10 and EId23 Cells.
The 3Y1 cell line carries p53 mutations at codons 130 and 136
(8). To confirm that EId10 and EId23 cells still retain the same
mutations, a portion of the p53 cDNAs carrying the mutation
was amplified by RT-PCR and sequenced. The mutations
originally detected were retained in EId10 and EId23 cells
(Fig. 4A). Expression of mutant type p53 in EId10 and EId23
cells was examined by labeling with [35S]methionine, and p53
expressed was evaluated by immunoprecipitation of cell lysates
with mAbs PAb240 and PAb421 that recognize the common
mutant form of p53 and both wt and mutant forms of p53,
respectively. The mutant form of p53 was efficiently immuno-
precipitated from EId10 and EId23 cell lysates by PAb240 but
inefficiently by PAb421 (Fig. 4B).

The functioning of mutant type p53 in EId10 and EId23 cells
was analyzed by the expression of reporter plasmids
p53CONTK-chloramphenicol acetyltransferase (CAT) and
pHBCAT. The former contains the two p53 binding sequences
upstream of the herpesvirus thymidine kinase promoter and is
effectively transactivated by wt p53, whereas the latter con-
taining the human heat shock protein 70 promoter was trans-
activated by mutated p53 (12). EId10 and EId23 cells were

transfected with these reporters and pBLCAT2D that contain
no promoter. As shown in Fig. 4C, the heat shock protein 70
promoter was expressed efficiently, whereas the promoter of
p53CONTK-CAT was not, indicating that the mutant form of
p53 is functioning in these cell lines.

Induction of Apoptosis by E1A and Ids Occurs After Accu-
mulation of Cells in S Phase. Cell cycle distribution of EId10
and EId23 cells was analyzed by flow cytometry after induction
of E1A, Id-1H, and Id-2H (Fig. 5A). As controls, g12 and
YId24 cells were similarly analyzed. Growing cultures of these
cells were treated with 1 mM dex. At 0 h, g12 cells exhibited two
distinct peaks of DNA contents representing G1 and G2yM
cells. The S phase population observed between these peaks
was minor and comprised of less than 10% of the total
population. This profile of cell distribution was not altered
until 48 h, when the cells became confluent. After 72 h, a
proportion of the cells with DNA contents below 2n (sub-G1
population) increased slightly in consistency with a slight loss
of viability after this time (Fig. 3A).

In the case of EId10 cells, the S phase population began to
accumulate within 24 h, causing the G1 peak to skew toward
the G2yM peak. At 48 h, the population was distributed
broadly between the G1 and G2yM peaks comprising more
than 40% of the total population. A fraction of the S phase
population began to be converted to the sub-G1 population
after 48 h, while most of the population still remained as the
broad peak at 72 h. At 96 h, the sub-G1 population increased
markedly. Alteration in cell cycle distribution of EId23 cells
was similar to that of EId10 cells, but proceeded slightly slowly.
Quiescent YId24 cells at 0 h exhibited two peaks of DNA, but
the profile did not alter after induction of Id-1H and Id-2H
expression.

The ability of EId10 cells accumulated in S phase to
synthesize DNA was analyzed by incorporation of BrdU (Fig.
5B). EId10 cells treated with dex were incubated with BrdU for
2 h before the cell harvest, and a fraction of cells that
incorporated BrdU was assessed by flow cytometry using
mouse anti-BrdU antibody and FITC-conjugated anti-mouse

FIG. 4. Expression and functioning of mutated p53 in EId10 and
EId23 cells. (A) Presence of p53 mutations in EId10 and EId23 cells.
A portion of the p53 cDNA previously identified to carry mutations
in 3Y1 cells (8) was amplified by PCR by using the upstream sense
primer, from nucleotides 330 to 349 with the NaeI cohesive end and
the downstream antisense primer from nucleotides 570 to 488 with the
AflIII cohesive end. The amplified cDNAs were cloned into pBlue-
script II KS1 and sequenced. (B) Growing cells were labeled with
[35S]methionine for 3 h, and aliquots of the cell lysates were immu-
noprecipitated with antibodies PAb240 and PAb421. The immuno-
precipitates were subjected to electrophoresis followed by autoradiog-
raphy. (C) Mutated p53-dependent transactivation of the heat shock
protein 70 promoter. EId10 and EId23 cells were transfected with 20
mg of either pHBCAT, p53CONTKCAT, or pBLCAT2D in duplicate.
CAT activities were assayed at 48 h posttransfection.

FIG. 5. Flow-cytometric analysis of cells expressing E1A12S, andyor
Id-1H and Id-2H. (A) After treatment of cells with dex, DNA contents
were examined by PI staining and flow cytometry. The cells with a
DNA content less than that of G1 cells are shown by sub-G1. (B) Sparse
cultures of EId10 cells were treated with dex and incubated with 100
mM BrdU for 2 h before fixation. The cells synthesizing DNA,
estimated by incorporation of BrdU, are shown in the insets and the
populations of cells in G1, G2yM and sub-G1 population are shown
outside the insets.
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IgG. The distribution of the cells incorporating BrdU in the
cell cycle is shown in the insets of Fig. 5B and that of the cells
not incorporating BrdU is shown outside the insets. The
incorporation of BrdU was greatly stimulated at 24 h and then
decreased gradually. A fraction of the cells incorporated BrdU
at 24 and 48 h showed DNA content of 4n representing the late
S and G2 population, suggesting that the cells accumulated in
S phase are capable of synthesizing DNA, but most of them
undergo apoptosis before entering G2 phase.

Suppression of E1A-induced Apoptosis by Mutated p53 in
p53 Null Mouse Cells Is Overcome by Ids. To show the effects
of wt and mutated p53 on the induction of apoptosis by E1A
and Ids and to confirm that the induction of apoptosis in EId10
and EId23 cell lines is caused by coexpression of E1A and Ids,
the mouse cerebellum cell line A40 established from a p53 null
mouse was transfected with expression vectors for E1A andyor
Id-1H, Id-2H together with the expression vector for CD20, a
cell surface calcium binding protein. Aliquots of the cells were
cotransfected with the expression vector encoding either wt
p53 or mutated p53. The apoptotic cells were quantitatively
assayed by using FACS by the accumulation of the sub-G1
population (Fig. 6). The cell damage caused by transfection
procedure in control cells (2), to which only the CD20
expression vector was transfected (Fig. 6A), resulted in the

increase in the sub-G1 population to 9.7% at 72 h. The sub-G1
population increased significantly to 13–14% by expression of
E1A alone or E1A plus Ids at 72 h. No significant increase was
observed when Ids alone were expressed.

When wt p53 was coexpressed (Fig. 6B), the sub-G1 popu-
lation increased markedly both in the cells expressing E1A
alone (24.2%) and in the cells expressing E1A and Ids (25.6%).
The sub-G1 population therefore increased about 4-fold by
coexpression with wt p53, when calculated after subtraction of
the background value ('10%). Coexpression of wt p53 had no
effect in the cells expressing Ids alone. When mutated p53175His

was coexpressed (Fig. 6C), the increase in the sub-G1 popu-
lation induced by E1A alone was completely suppressed,
whereas the increase induced by E1A and Ids was unaffected,
indicating that the suppressive function of mutated p53 is
overcome by Ids. Expression of p53175His alone (2) or p53175His

plus Ids (Id) had no effect. Essentially the same results were
obtained by cotransfection with another p53 mutant, p53205Cys

(data not shown).
Association of Id-2H with E1A and E2A bHLH Proteins in

Vivo. Among four mammalian Id proteins, Id-2 also binds to
the retinoblastoma protein (pRB) (16). To characterize the
partners to which Id-2H binds, the cell lysates were prepared
from EId10 cells before (0 h) and after treatment with dex for
24 and 48 h. The lysates were immunoprecipitated with
antibodies to Id-2, E1A, E2A (E12yE47) bHLH protein, and
pRB and the precipitates were dissociated with 0.8% deoxy-
cholate. The lysates then were analyzed by Western blotting
with anti-Id-2 antibody, which crossreacts with human Id-2H.
As shown in Fig. 7, Id-2H was nearly absent in the 0-h lysate,
but induced after treatment of the cells with dex. Large
amounts of Id-2H were detected in the immunoprecipitates
prepared from the 24-h and 48-h lysates with antibodies to E1A
and E2A (E12yE47), whereas Id-2H was scarcely detected in
the immunoprecipitate prepared with anti-pRB antibody, sug-
gesting that Id-2H predominantly associates with E1A and
bHLH proteins in EId10 cells after induction of apoptosis.

DISCUSSION

The present study showed that E1A is capable of inducing
apoptosis in rat 3Y1 cells that express mutated p53 in collab-
oration with Id proteins. 3Y1 cells are very sensitive to
coexpression of E1A and Ids, and the 3Y1 derivative cell lines,
EId10 and EId23, undergo apoptosis when these proteins are
expressed beyond thresholds in response to dex. Neither E1A
nor Ids alone induced apoptosis. Induction of apoptosis in
EId10 and EId23 cells is not caused by the selection of
particular cells, because expression of E1A alone or E1A plus
Ids in mouse A40 cells (p532y2) by transient transfection
resulted in the induction of apoptosis in a significant fraction
of the cells. The induction of apoptosis in A40 cells by E1A
alone or E1A plus Ids was stimulated by simultaneous expres-

FIG. 7. Id-2H associates with E1A and E12 bHLH protein in vivo.
The cell lysates were prepared from EId10 cells treated with dex for
0, 24, and 48 h, and aliquots of 200 mg of protein were immunopre-
cipitated with antibodies to E1A, E2A (E12 and E47) and pRB. The
precipitates were treated with 0.8% deoxycholate and analyzed by
Western blotting with anti-Id2 antibody.

FIG. 6. Suppression of E1A-induced apoptosis by mutated p53 in
A40 cells is overcome by Ids. Growing cultures of A40 cells (p532y2)
were transfected with either pHbAPr-E1A12S (E1A), pCMV-Id-1H
plus pCMV-Id-2H (Id), or a combination of these three expression
vectors (E1A 1 Id) together with pCMVCD20. Control (2), the cells
were transfected with pCMVCD20 alone. (A) The expression vectors
were transfected in the absence of p53. (B and C) The cells were
simultaneously transfected with either pMoLV-wtp53 or pMoLV-
p53His175. At the times indicated, the cells were stained with PI, and
DNA contents of the cells were analyzed by flow cytometry. The cells
were gated based on the expression of CD20.
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sion of wt p53; however, apoptosis induced by E1A alone was
completely suppressed by simultaneous expression of mutated
p53, whereas apoptosis induced by E1A and Ids was stimulated
the same as wt p53 (Fig. 6), suggesting that the suppressive
function of mutated p53 is overcome by Ids. The result is
consistent with the high sensitivity of EId10 and EId23 cells to
coexpression of E1A and Ids in inducing apoptosis.

The induction of apoptosis by E1A in most cases requires the
expression of wt p53 and its stabilization (17, 18). The N-
terminal region of E1A together with CR1 binds to the
p300yCREB binding protein (CBP) family, and this p300
binding site is essential for E1A to stabilize p53 (19–21) and
to induce apoptosis (4, 5). p300yCBP functions as a transcrip-
tional coactivator associating with a variety of transcription
factors and may regulate the expression of genes required for
cell proliferation, differentiation, and apoptosis (22). p300 also
binds to p53, and the p300-p53 complex seems to modulate
both p300- and p53-dependent transcription (19). E1A re-
presses some enhancer-dependent transcription by counter-
acting the interaction between p300 and transcription factors
(22).

Analysis of the immunoprecipitates by Western blotting with
anti-Id-2 antibody (Fig. 7) showed that Id-2H bound prefer-
entially to E1A and E2A and poorly to pRB, suggesting that Ids
play a role in inducing apoptosis through interaction with
either E1A, bHLH transcription factor, or both. Among
various Id proteins of human, mouse, Xenopus, and Drosophila,
amino acid sequences are well conserved in five regions (boxes
1–5) including the HLH structure in box 3 (3). The binding site
of Ids to E1A must be located in these conserved regions.
Enforced expression of E2A bHLH factors induces cell growth
arrest (23, 24), but additional expression of Id overcomes this
growth inhibition through formation of the heterodimer at the
HLH region (25). Because both the N terminus of E1A (amino
acids 1–36) and E1AD17–23 can bind to Ids, the binding
sequence of E1A is likely to reside within the amino acid
sequence from 1 to 16 or between 24 and 36.

Because both E1A and Ids are positive regulators of cell
proliferation, the cells that expressed these proteins may enter
S phase prematurely, and the S phase checkpoint may not
operate normally. DNA synthesis induced by overexpression of
E2F-1 in quiescent fibroblasts does not lead to a complete
replication, but leads to massive cell death characteristics of
apoptosis (26–28). This induction of apoptosis, however, de-
pends on wt p53 and is subverted by mutated p53.

Among E2F family members, only E2F-1 has the cyclin A
binding site and its heterodimeric partner DP1 is phosphory-
lated by cyclin Aycdk2 kinase during S phase. This phosphor-
ylation inactivates the DNA binding activity of E2F-1yDP1
and is essential for normal progression of S phase. Prevention
of phosphorylation by introduction of mutation into either
cyclin A binding site of E2F-1 or phosphorylation site of DP1
resulted in accumulation of the cells in S phase, leading to
apoptosis (29). The mammalian Id2 and Id3 also are phos-
phorylated by cyclin Eycdk 2 and cyclin Aycdk 2 at Ser 5 site
during late G1 to early S (30). The phosphorylation dramati-
cally alters the target HLH proteins to which Ids bind and
seems to be required for promoting S phase progression.

Induction of apoptosis in cells by many anti-tumor agents
correlates with the expression of both oncogenes and the wt
p53 gene, and malignant cells expressing mutated p53 are
usually resistant to the induction of apoptosis. Because p53

mutations are extremely common in human cancer, the present
study offers a good system to analyze the function of mutated
p53 and may provide a clue to how apoptosis can be induced
in malignant cells expressing mutated p53.
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